p63 is a transcriptional regulator of ectodermal development that is required for basal cell proliferation and stem cell maintenance. p73 is a closely related p53 family member that is expressed in select p63-positive basal cells and can heterodimerize with p63. p73-/-mice lack multiciliated cells and have reduced numbers of basal epithelial cells in select tissues; however, the role of p73 in basal epithelial cells is unknown. Herein, we show that p73-deficient mice exhibit delayed wound healing despite morphologically normal-appearing skin. The delay in wound healing is accompanied by decreased proliferation and increased levels of biomarkers of the DNA damage response in basal keratinocytes at the epidermal wound edge. In wild-type mice, this same cell population exhibited increased p73 expression after wounding. Analyzing single-cell transcriptomic data, we found that p73 was expressed by epidermal and hair follicle stem cells, cell types required for wound healing. Moreover, we discovered that p73 isoforms expressed in the skin (ΔNp73) enhance p63-mediated expression of keratinocyte genes during cellular reprogramming from a mesenchymal to basal keratinocyte-like cell. We identified a set of 44 genes directly or indirectly regulated by ΔNp73 that are involved in skin development, cell junctions, cornification, proliferation, and wound healing. Our results establish a role for p73 in cutaneous wound healing through regulation of basal keratinocyte function.
Introduction
The p53 family of transcription factors (p53, p63, and p73) play critical roles in cell cycle regulation, DNA damage response, and cellular differentiation [1] [2] [3] [4] [5] [6] [7] [8] [9] . All three family members share structural and functional homology in their transactivation (TA), DNA binding, and oligomerization domains [10] . Due to the high degree of sequence homology in their DNA binding domains, family members bind to similar genomic regions and regulate overlapping target genes. Both p73 and p63 have two distinct promoters that encode for either a longer a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Results

Analysis of p73 expression in human and murine skin
To determine which tissues express p73, we analyzed transcriptomic data from 37 human tissues [30] . We observed expression [>1 transcripts per million (TPM)] of TP73 in many tissues with basal cell populations, including: skin, esophagus, prostate, tonsil, salivary gland, and lung ( Fig 1A) . Across all tissues, expression of TP73 was significantly (p = 0.0003) correlated with expression of TP63 (Fig 1A) , a marker of basal epithelial cells. Given that TP73 and TP63 co-expression was highest in the skin and there are robust model systems for studying this organ, we focused our analysis on the role of p73 in the skin and its interplay with p63.
Prior work from our laboratory has shown that some pan-p73 antibodies cross-react with p63 [31] . In order to validate that the pan-p73 antibody (EP436Y) used in our studies did not cross-react with p63 and confound results, we conducted immunoblot analyses on a diverse [30] . Mean expression (TPM + 0.1) for each tissue is plotted on a log2 scale with a LOESS smooth local regression line (gray). Correlation between TP63 and TP73 was quantified using Spearman's rank correlation coefficient (r s ). (B) Representative micrographs of H&E and immunofluorescence (IF) staining on serial human (top) and mouse (bottom) skin sections; DAPI (blue), p63α (green), and p73 (red). Regions of the skin in micrographs are labeled as: interfollicular epidermis (IFE), hair follicle (HF), outer root sheath (ORS), HF bulge (Bu), hair bulb (HB), sebaceous gland (SG), hair shaft (HS), and arrector pili muscle (APM). Scale bars represent 200 μm for human and 50 μm for murine tissue. See also S1 and S2 Figs. set of primary and transformed human epithelial cells using p73 (EP436Y), p63 (AF1916), and p63α (H-129) antibodies (S1A Fig) . Cells selected for analysis expressed varying levels of p73 and p63 in public databases and included a triple-negative breast cancer cell line that did not express either p73 or p63 mRNA (HCC70). p73 EP436Y recognized all four human p73 isoform controls, detected protein expression levels consistent with the known p73 and p63 mRNA levels, lacked non-specific detection in cells (HCC70) that do not express p73 RNA, and did not cross-react with p63 (S1A Fig). These results validate the specificity of p73 EP436Y and are consistent with previous reports of the antibody's specificity in immunofluorescence (IF) analyses [3, 21] .
We performed IF staining for p73 and p63α on human and murine skin to determine cell expression patterns (Fig 1B) . In both species, p73 expression was nuclear and limited to a subset of p63-positive cells in the basal layer of the IFE, outer root sheath (ORS) of the HF, hair bulb, and sebaceous gland (Fig 1B) . We did not detect p73 expression in the hair shaft (HS) or the suprabasal layers of the IFE (Fig 1B) . In human skin, p73 was strongly co-expressed with p63α in the stem cell compartment of the HF, termed the bulge (Fig 1B, top panel) . The bulge is a specific area of the ORS containing HF stem cells that is located between the attachment site of the arrector pili muscle and the opening of the sebaceous gland [32] . We also saw expression of p73 in the bulge region of murine HFs. IF staining for p73 and p63α in murine skin (Fig 1B,  
p73 is co-expressed with p63 throughout murine embryonic skin development
To determine if p73 is co-expressed with p63 during skin development in a pattern similar to that of adult murine tissue (Fig 1B, bottom panel) , we performed IF staining for p73 and p63α in murine skin at several time points during embryogenesis. Similar to adult mice ( Fig 1B, bottom panel), p73 was coordinately expressed with p63α in basal cells at all developmental time points analyzed (S1C Fig) . During early embryonic stages (E12.5 and E13.5), p73 was expressed at low levels in the single-layered epidermis. At later time points during epidermal stratification (E14.5 and E16.5), expression of p73 increased and was restricted to cells in the basal layer, while p63α was expressed in both the basal and suprabasal layers (S1C Fig). HF morphogenesis is the process in which specific subsets of basal cells within the epidermis divide perpendicularly to the basement membrane and grow downward into the dermis to form HFs. p73 was highly expressed during HF morphogenesis (E16.5-P1) in the ORS and hair bulb of developing HFs (S1C Fig) . By postnatal day 1 (P1), p73 expression in the basal IFE was reduced and limited to only a subset of cells (S1C Fig) , similar to the IF staining seen in adult mice (Fig 1B, bottom panel) .
p73-/-murine skin has a normal morphological appearance
To evaluate if p73 plays a role in skin morphogenesis, we analyzed the skin of p73-/-mice [3, 21] . Analysis of H&E-stained tissues showed no overt morphological differences between the back skin of adult p73+/+ and p73-/-mice (S2A 
p73-/-mice exhibit delayed wound healing
Given the lack of phenotypic differences in the skin of p73-/-mice under homeostatic conditions and the importance of basal keratinocytes, which express p73, in wound healing, we examined the role of p73 in the skin after epidermal wounding. We generated full-thickness wounds (diameter = 0.5 mm) on the backs of adult p73+/+ and p73-/-mice and analyzed the wound-healing process at post-wound days 0, 3, 7, and 10. Over the 10-day time course, the rate of wound closure was significantly (p = 0.004) decreased in p73-/-mice compared with p73+/+ mice, with the largest difference (p = 0.0125) occurring on post-wound day 7 (Fig 2A) .
To gain insight to the molecular processes underlying the wound healing defect in p73-/-mice, we conducted IF and immunohistochemistry (IHC) staining on wounded skin sections from p73+/+ and p73-/-mice at post-wound days 3, 7, and 10. Semiquantitative scores of staining were generated by a pathologist using QuPath software [33] and reflect both the percentage of stained nuclei and staining intensity. In p73+/+ mice, p73 IF staining was increased in wounded compared to unwounded skin, and this difference was largest (p = 0.00007) at post-wound day 7 (Fig 2B) . The increase of p73 expression after wounding was primarily due to increased expression in basal keratinocytes at the epidermal wound edge and in the newlyformed wound epidermis ( Fig 2C and S3A Fig) . These periwound basal keratinocytes had a diffuse and continuous p73 expression pattern, in contrast with the intermittent p73 expression detected in basal keratinocytes of unwounded skin ( Fig 2C and S3A Fig) . Adjacent normal (non-wounded) epidermis had less p73 IF staining than the epidermal wound edge (S3B Fig) and overall had a similar staining pattern as unwounded skin (Fig 2C, top panel) .
Timely wound healing is dependent on a rapid proliferation response by basal keratinocytes at the epidermal wound edge. We found that expression of Ki67, a marker of proliferation, was increased in the skin after wounding by IF for both genotypes (Fig 2D) . The increase of Ki67 expression in wounded skin was localized to the epidermal wound edge, adjacent HFs, and newly-formed wound epidermis (S4A Fig). At post-wound day 3, we detected a significant decrease (p = 0.00003) in the percentage of Ki67-positive cells in the skin of p73-/-compared to p73+/+ mice (Fig 2D and 2E) , consistent with the observation that the largest difference in wound closure between the two genotypes occurred at post-wound day 7 (Fig 2A) . The reduction of Ki67 staining in p73-/-wounds at post-wound day 3 was primarily due to decreased staining in the basal keratinocytes at the epidermal wound edge and in the newly-formed wound epidermis, and, to a lesser extent, adjacent HFs (Fig 2E) . We did not detect a difference in Ki67 expression between the unwounded skin of p73+/+ and p73-/-mice (Figs 2D and  S4A) .
Previous work has shown that DNA damage contributes to the decline in stem cell function in aged tissues [34] and that p73 regulates the response to DNA damage [35] [36] [37] . γH2AX is a marker of the DNA damage response and replication stress [38, 39] . In both p73+/+ and p73-/-mice, levels of γH2AX in the skin increased after wounding by IHC (Fig 2F and S4B Fig) . The increase of γH2AX staining was detected in the epidermal wound edge, adjacent HFs, and Biological and molecular analysis of cutaneous wound healing in p73+/+ and p73-/-mice. (A) Graph of percentage wound closure relative to initial wound size in p73+/+ and p73-/-mice at 0, 3, 7, and 10 days after wounding. The mean area of eight wounds is shown with error bars representing SEM. (B) Dot plot of p73 Hscore in unwounded and wounded (days 3, 7, and 10) skin specimens from p73+/+ mice. (C) Representative micrographs of IF staining for K14 (green), p73 (red), and DAPI (blue) in unwounded and post-wound day 7 skin specimens from p73+/+ mice. (D) Dot plot of the percentage of Ki67-positive cells in unwounded and wounded (days 3, 7, and 10) skin specimens from p73+/+ and p73-/-mice. (E) Representative micrographs of IF staining for Ki67 (red) and DAPI (blue) in skin specimens from p73+/+ and p73-/-mice 3 days after wounding. (F) Dot plot of γH2AX H-score in unwounded and wounded (days 3, 7, and 10) skin specimens from p73+/+ and p73-/-mice. (G) Representative micrographs of immunohistochemistry (IHC) staining for γH2AX in skin specimens from p73+/+ and p73-/-mice 10 days after wounding. All scale bars represent 50 μm. In (B), (D), and (F), horizontal lines represent the mean. In (C), (E), and (G), regions of the skin are labeled as: IFE, HF, epidermal wound edge (WE), and newly-formed epidermis of the wound (W); and the dotted line indicates the border between the WE and W.
� newly-formed wound epidermis (S4B Fig). We observed a significant increase (p = 0.007) of γH2AX levels in p73-/-versus p73+/+ wounds at post-wound day 10 ( Fig 2F and 2G) . Collectively, these data establish a role for p73 in epidermal wound healing, in part through regulation of proliferation and the DNA damage response in basal keratinocytes.
p73 is expressed by epidermal and HF stem cells
Epidermal and HF stem cells regulate tissue homeostasis and wound healing in the skin [27] . After epidermal injury, both epidermal and HF stem cells contribute to the wound-healing process by undergoing local migration and proliferation to ensure rapid repair of the epidermis and reestablishment of the skin barrier [28] . Based on the observation that the expression pattern of p73 overlaps with regions of the skin where the stem cell populations reside (Fig 1B) and that p73-/-mice have delayed epidermal wound healing (Fig 2A) due in part to decreased basal keratinocyte proliferation (Fig 2D) , we determined p73 expression in epidermal and HF stem cells using transcriptomic data sets. We analyzed single-cell RNA-seq (scRNA-seq) data from 2310 murine back skin cells [40] that were isolated by Itga6 (skin epithelial integrin) and/ or Cd34 (bulge HF stem cell marker) expression using fluorescence-activated cell sorting (FACS). Cluster analysis was performed with Seurat [41] and identified seven distinct cell clusters. We visualized the data using uniform manifold approximation and projection (UMAP) [42] , a nonlinear dimensionality reduction technique that preserves both local and global data structure (Fig 3A) . Cells were separated along UMAP1 based on their region of origin within the skin, either HF bulge (Cd34+) or IFE (Ly6a+; Fig 3A and 3B) . HF bulge cells were divided into two clusters, one that expressed outer bulge markers (cluster #1, e.g. Krt24) and another that expressed inner bulge markers (cluster #2, e.g. Fgf18; Fig 3A and 3B) [43] . IFE cells were divided between five clusters (Fig 3A and 3B) . Cluster #7 was distinguished by the expression of the differentiation markers Krt1 and Krt10 (Fig 3B) . The remaining IFE clusters all expressed basal cell markers (e.g. Krt14 and Itga3; Fig 3B) . Among these, cluster #3 was characterized by stem markers (e.g. Sox9) and cluster #4 by proliferation markers (e.g. Mki67 and Top2a; Fig 3B) . Clusters #5 and #6 lacked distinguishing cell type markers (Fig 3B) , but cluster #5 was unique in being the only cluster composed almost exclusively of cells from one stage (telogen) of the hair cycle (S1 Table) .
We determined if each skin cell expressed Trp73 and Trp63 and summarized the results by cluster number (Fig 3C) . Most cells (>85%) that expressed Trp73 also expressed Trp63 ( Fig  3C) . The percentage of cells with Trp73 expression (p73+/p63-and p73+/p63+) was highest in the outer bulge cluster (Fig 3C) , the stem cell compartment of the HF [32] . Trp73 was expressed by a subset of cells in all of the basal IFE clusters (Fig 3C) , the stem cell compartment of the epidermis. The basal proliferating IFE cluster had the second-highest percentage of cells that expressed Trp73 (Fig 3C) , consistent with a prior study that found increased expression of Trp73 by non-label-retaining keratinocytes (i.e. those that divide more frequently) of the murine IFE [50] . The inner bulge and differentiating IFE clusters did not express Trp73 ( Fig  3C) . Trp73 was expressed in a lower percentage of cells within each cluster than Trp63 (Fig  3C) , consistent with its lower expression levels in the tissue (Fig 1A) . Trp63 was expressed by greater than 90% of cells in each cluster (p73-/p63+ and p73+/p63+) except for the inner bulge (Fig 3C) .
Given that the outer bulge cluster had the highest percentage of cells that expressed p73 and p63 (Fig 3C) , we decided to further study Trp73 expression in defined HF stem cell populations. To do so, we analyzed an additional scRNA-seq dataset [44] that profiled diverse types of murine HF stem cells at different stages of the hair cycle. In telogen (quiescent stage), a large percentage of bulge HF stem cells and hair germ cells (56.4% and 59.2% respectively) expressed Trp73 (Fig 3D) . During the transition from telogen to anagen I, hair germ cells are activated to proliferate [51] ; a large percentage of these cells (59.6%) retained expression of Trp73 (Fig 3D) . As anagen proceeds, the hair germ gives rise to transit-amplifying cells, which are highly proliferative and go on to produce the hair shaft and inner root sheath [52] . Trp73 expression was lower in transit-amplifying cells during anagen II and VI (29.1% and 22.4% respectively; Fig 3D) . Anagen VI dermal papilla cells (mesenchymal) did not express Trp73, as anticipated ( Fig 3D) . These results indicate that Trp73 is expressed in HF stem cell populations during different stages of the hair cycle under homeostatic conditions, particularly bulge HF stem cells and hair germ cells.
scRNA-seq produces data with more technical noise and biological variation than bulk RNA-seq [53] . To validate the scRNA-seq results, we analyzed bulk RNA-seq data from murine bulge HF and epidermal stem cells isolated by FACS with marker-based sorting (Itga6, Cd34, and Ly6a) [45] . Both bulge HF and epidermal stem cells expressed Trp73 (Fig 3E) , consistent with the scRNA-seq results (Fig 3C and 3D) . In order to assess TP73 expression in human keratinocytes, we analyzed bulk RNA-seq data from primary human keratinocytes (HK) cultured and differentiated in vitro [46, 47] . TP73 was expressed by progenitor-enriched (isolated by rapid collagen IV adherence) and unenriched basal HKs, but not by HKs after 6 days of differentiation (Fig 3F) , consistent with the p73 IF staining pattern observed in human skin ( Fig 1B, top panel) . These results collectively indicate that p73 is expressed by murine bulge HF and epidermal stem cells and basal HKs.
To gain insight to which p73 isoforms are expressed in the skin, we analyzed RNA-seq data from 473 human skin (lower leg) samples in the Genotype-Tissue Expression (GTEx) Project database [48, 49] . Through analysis of exon-exon junction spanning reads, we found that ΔNp73 was more highly expressed than TAp73 (86.7% versus 13.3%), and that p73α and p73β were the predominantly expressed (75.2% and 20.2%, respectively) C-terminal splicing isoforms ( Fig 3G) . These results indicate that ΔNp73α and ΔNp73β are the predominantly expressed isoforms in the human skin during homeostasis.
ΔNp73 enhances p63-mediated expression of keratinocyte genes during cellular reprogramming of human dermal fibroblasts to a basal keratinocyte-like state
Prior work has shown that p73 is required for effective generation of iPSCs with Yamanaka factors and that iPSCs lacking p73 have an attenuated epithelial phenotype [23] . To study the role of p73 in epidermal programming, we used an induced basal keratinocyte (iKC) model system first described by Chen and colleagues [54] . In this system, skin lineage-specific transcription factors KLF4 and ΔNp63α are expressed in neonatal human dermal fibroblasts (HDFn) to generate iKCs. To recapitulate the system, we infected HDFn cells with lentiviruses encoding KLF4, ΔNp63α, KLF4 + ΔNp63α, or empty vector controls (S5A Fig) . We grew the Table with the mean TP73 isoform expression in human skin (lower leg) RNA-seq samples (n = 473) from the Genotype-Tissue Expression (GTEx) Project [48, 49] . For each sample, total gene abundance (TPM), N-terminal promoter usage, and C-terminal alternative splicing was calculated and is shown. See also S1 Table. https://doi.org/10.1371/journal.pone.0218458.g003 cells for 3 days after the initial infection and performed RNA-seq. Cells infected with KLF4 + ΔNp63α lentivirus had increased expression of basal keratinocyte genes (e.g. KRT14, ITGA3) and reduced expression of fibroblast genes (e.g. MME, VIM) compared to control infections (S5B Fig and S2 Table) . Also, the differentially expressed genes (n = 755) between HDFn cells infected with KLF4 + ΔNp63α versus control lentivirus were enriched for several Genome Ontology (GO) categories related to basal keratinocytes, including cell-substrate junction, extracellular structure organization, epidermis development, and epithelial cell development ( S5C Fig and S3 Table) . Our iKC results were consistent with those described in the original iKC report [54] , indicating that we had a reliable model system in which to evaluate the role of ΔNp73 in induced basal keratinocyte programming.
We infected HDFn cells with lentivirus encoding ΔNp73 isoforms (ΔNp73α and ΔNp73β) or empty vector control in combination with KLF4 + ΔNp63α and performed immunoblot analysis to verify protein expression (Fig 4A) . We evaluated ΔNp73 isoforms because they were the most highly expressed isoforms in human skin samples (Fig 3G) and have been shown to regulate the initiation phase (involving mesenchymal-to-epithelial transition) of reprogramming murine embryonic fibroblasts into iPSCs [23] . Three days after infection of the HDFn cells with ΔNp73-expressing lentivirus, we harvested cells, isolated RNA, and performed qRT-PCR for keratinocyte genes that are markers of the iKC state (KRT14, KRT5, SFN, and FLG; Fig 4B) . Co-expression of ΔNp73 isoforms with KLF4 + ΔNp63α led to increased expression of keratinocyte genes compared to KLF4 + ΔNp63α with empty vector control infections (Fig 4B) . These results imply that ΔNp73 regulates the expression of keratinocyte genes in coordination with ΔNp63α and, in turn, conversion to the iKC state. For all four genes analyzed by qRT-PCR, we found that ΔNp73β induced higher levels of gene expression than ΔNp73α (Fig 4B) . These results are consistent with published reports of ΔNp73β having greater transcriptional activity than ΔNp73α [14] and suggest that the role of ΔNp73 isoforms in the iKC model is due to transactivation of target gene expression.
In order to identify additional ΔNp73-regulated genes in the iKC model system, we infected HDFn cells with lentivirus encoding ΔNp73β isoforms or empty vector control in combination with KLF4 + ΔNp63α. We used ΔNp73β because it was the strongest inducer of keratinocyte gene expression in our qRT-PCR experiments (Fig 4B) . After 6 days, we isolated RNA from the cells and performed RNA-seq. Consistent with our qRT-PCR analysis (Fig 4B) , infection of HDFn cells with ΔNp73β in combination with KLF4 + ΔNp63α led to increased expression of KRT14, KRT5, FLG, and SFN as compared to KLF4 + ΔNp63α with control or control alone (S4 Table) . Also, combination infections with ΔNp73β led to increased expression of additional basal keratinocyte genes (e.g. ITGA3, ITGB4, KRT6A, KRT16, COL7A1, and CDH1) and decreased expression of fibroblast genes (e.g. VIM, MME, and MMP1; S4 Table) . We performed principal component analysis (PCA) on the RNA-seq data and the samples appeared to be ordered by degree of conversion to the iKC state along PC1, which was responsible for the majority (88%) of the variance in the data (Fig 4C) . To further investigate, we determined the top 250 genes contributing to PC1 (S4 Table) and plotted their expression in a heatmap (S5D Fig). We identified two main sets of PC1 genes (S5D Fig). The larger subset of genes increased in expression along PC1 and included many basal keratinocyte-related genes ( S5D  Fig and S4 Table) . The smaller subset of genes decreased in expression along PC1 and included many fibroblast-related genes ( S5D Fig and S4 Table) . These data suggest that the top 250 genes contributing to PC1 largely recapitulate the core genes involved in reprogramming to the iKC state and that ΔNp73β enhances this reprogramming process.
To determine gene sets associated with reprogramming HDFn cells to the iKC state, we performed enrichment analysis on the top 250 PC1 genes using WebGestalt [55] . The top 20 enriched Genome Ontology (GO) categories included many related to keratinocytes, including epidermis development, skin development, extracellular structure organization, cornification, cell adhesion molecule binding, and cell-cell junction (Fig 4D and S5 Table) . Also, the top ten enriched pathways in WebGestalt contained many related to keratinocytes, including formation of the cornified envelope, extracellular matrix organization, keratinization, and cell junction organization (Fig 4E and S5 Table) . To investigate the genes underlying the enriched GO categories in Fig 4D, we determined which of the top 250 PC1 genes were annotated with GO categories related to skin development, cell junctions, cornification, and proliferation. We identified a set of 44 genes involved in these biological processes that underlie most of the the observed GO category enrichment. Of interest, we found that ΔNp73β increased the expression of 18 genes with known roles in cellular proliferation, including MKI67 and TOP2A, which is consistent with our data showing that p73-/-wounds have reduced proliferation (Fig 2D) and that basal proliferating cells have the highest percentage of p73 expression among IFE clusters (Fig 3C) . Given the observed delay in wound healing in p73-/-mice (Fig 2A) , we assessed if any of the core set of 44 genes had known roles in wound healing. We found that 18 of these genes have roles in wound healing, including ITGA3 [56] , ITGB4 [57, 58] , KRT6A [59] , KRT16 [60, 61] , COL7A1 [62] , S100A2 [63] , AQP3 [64] , TGM1 [65] , FERMT1 [66, 67] , and GRHL3 [68] (Fig 4F) .
To determine if p73 binds near the transcriptional start site (TSS) of any of the 44 genes involved in reprogramming to the iKC state, we analyzed p73 and p63 binding in ChIP-seq datasets from three basal cell models: HK (primary human keratinocytes; [46] ), HaCaT (immortalized keratinocyte; newly generated herein), and HCC1806 (tumor-derived basal breast epithelial cells; newly generated herein and [21] ). As part of our analyses, we leveraged previous findings that endogenous p73 and p63 have similar genomic binding profiles when co-expressed [69] and that heterotetramers of p73 and p63 are more thermodynamically stable than either homotetramer [70] . We also validated the previous finding by Yang and colleagues [69] using our own HCC1806 p73 and p63 ChIP-seq data (S6 Fig) . Genes displayed in Fig 4F have an overlapping p63/p73 ChIP-seq peak within 50 kb of the TSS in two out of three cell types analyzed and the overlapping peak contained a canonical p63/p73 DNA binding motif (S6-S9 Tables). From the set of 44 genes involved in the iKC state, we found that 38 met our criteria for having a p63/p73 binding site (Fig 4F) . Of immediate interest were 13 of these keratinocyte-related genes with known roles in wound healing (Fig 4F) . Collectively, these findings support the conclusion that ΔNp73, in coordination with ΔNp63, acts as a regulator of the iKC state through direct and indirect regulation of key genes involved in skin development, cell junctions, cornification, proliferation, and wound healing.
ΔNp73 enhances p63-mediated expression of keratinocyte genes during iKC reprogramming of mesenchymal breast cancer cells
To rule out a cell-type specific phenotype and determine if ΔNp73 could increase the expression of iKC marker genes in non-primary cells, we infected MDA-MB-231 cells (mesenchymal (Fig 4B) . ΔNp73 isoforms increased the expression of KRT14, KRT5, FLG, and SFN; for all four genes of these genes, ΔNp73β induced higher levels of expression than ΔNp73α ( S5F Fig). These results indicate that ΔNp73 isoforms can regulate the expression of iKC marker genes in coordination with ΔNp63α in cell types from different tissues of origin as well as both primary and transformed cell states.
Discussion
We discovered that p73 is required for timely cutaneous wound healing in mice. p73-/-mice exhibited delayed wound healing, due in part to decreased proliferation and increased activation of the DNA damage response in basal keratinocytes at the epidermal wound edge. In wild-type mice, this same cell population exhibited increased p73 expression after wounding. Further, we found that p73 was expressed by epidermal and HF stem cells, which regulate wound healing [27] . Using a model system for reprogramming fibroblasts to keratinocyte-like cells, we found that ΔNp73, in conjunction with ΔNp63, regulates the expression of keratinocyte genes and conversion to a keratinocyte-like state. We identified a core set of 44 genes directly or indirectly regulated by ΔNp73 that are involved in skin development, cell junctions, cornification, proliferation, and wound healing.
Adult tissue stem cells have an important role in tissue maintenance and regeneration after injury [71] . The stem cell function of these long-lived cells decreases with age due to the accumulation of cellular damage and contributes to the declining functional capacities observed in aging tissues [71] . The delayed healing, reduced proliferation, and increased levels of the DNA damage response observed in the epidermal wounds of p73-/-mice implies that p73 regulates the activity of adult skin stem cells after injury. While we did not detect an overt difference in the morphology or the expression pattern of epidermal differentiation markers in the skin of adult p73-/-mice, we cannot rule out that p73 also regulates adult skin stem cells during homeostasis, which in turn could impact the functional abilities of these cells after injury. A role for p73 in the regulation of adult stem cells is consistent with previous studies showing that p73 regulates neural stem cell maintenance [72, 73] and protects against aging through regulation of cellular metabolism and the oxidative stress response [22, 74, 75] . Additional studies utilizing alternate wounding (e.g. partial-thickness wounding) and genetic (e.g. p73 isoform-specific knockout mice) models will be needed to further explore the roles of p73 in adult skin stem cells. Questions still unanswered include: (1) What roles does p73 play in epidermal and HF stem cells after injury and how do they differ between the cell types?; (2) What is the relative contribution of p73 isoforms to the wound healing phenotypes observed in p73-/-mice?; and (3) Does p73 have any roles in stem cell maintenance in the skin, similar to p63 [1, 76] ? Based on the increased p73 staining at post-wound day 3 in the newly-formed wound epidermis, a time point point at which basal keratinocytes are migrating into the wound to close the gap, and recent work demonstrating that p73 regulates migration [21, 77] , we hypothesize that p73 also regulates the migration of keratinocytes during epithelialization.
Through analysis of single cell expression in the skin (IF and scRNA-seq), we observed that nearly all p73-positive basal keratinocytes co-expressed p63. Since p73 and p63 can hetero-oligomerize [16, 70] , it is difficult to study the function of p73 in these cells without also taking into account p63. Moving forward, it will be important to characterize p73 and p63 isoform p73 regulates epidermal wound healing and induced keratinocyte programming expression across tissues and in individual cells to better understand the interplay between these family members. Our ability to study p73 isoform expression in the single cell analyses was limited by the low number of N-terminal exon-exon spanning reads in current scRNAseq data sets and the lack of p73 isoform-specific antibodies. From our analysis of GTEx data, we determined that ΔNp73 is the most highly expressed N-terminal isoform (both α and β) in adult human skin during homeostasis. Further studies are needed to determine if p73 isoform expression patterns vary amongst cell types in the skin (e.g. epidermal versus HF stem cells) and if ΔNp73 is the predominantly expressed isoform in basal cells across tissue types. If the latter is confirmed, it is tempting to posit that p73 isoform switching might be involved in signaling tracheal basal cells (ΔNp73+) to differentiate into multiciliated cells (TAp73+) [3] .
In our experiments reprogramming fibroblasts into keratinocyte-like cells, we discovered that ΔNp73 isoforms, in particular ΔNp73β, significantly enhanced the expression of keratinocyte genes (e.g. KRT14, KRT5) and conversion to a keratinocyte-like state. Rather than causing gene expression changes in unique genes like KLF4, ΔNp73 largely amplified the magnitude of ΔNp63-induced gene expression, suggesting that ΔNp73 and ΔNp63 have similar transcriptional activity in this context. We observed similar results in reprogramming MDA-MB-231 cells, suggesting that this phenotype is not cell-type specific. Similarly, while validating the iKC model, we found that KLF4 significantly enhanced the expression of genes that were differentially expressed in ΔNp63-only conditions. Going forward, it will be important to determine how interplay between KLF4, ΔNp63, and ΔNp73 affects target gene regulation, as all three transcription factors are co-expressed by basal keratinocytes, and how ΔNp73 has such large effects on target gene expression in the iKC model system. Among the top ΔNp73-regulated genes, we identified an enrichment for genes involved in proliferation and wound healing; this knowledge may be useful in studying the mechanisms underlying the wound healing defect in p73-/-mice. Additional studies will be required to determine which of the ΔNp73-regulated genes are novel direct target genes in basal keratinocytes, as our analysis was limited to identifying genes that contained overlapping p63/p73 genomic binding sites within 50 kb of the TSS in multiple basal cell types. In future studies, it will be important to determine the role of TAp73 isoforms in the iKC model system and the skin more broadly, since these isoforms are generally more transcriptionally active, expressed in human skin, and deleted along with ΔNp73 isoforms in our p73-/-mice with the wound healing defect. Our reprogramming studies are limited by their in vitro nature and reliance on ectopic overexpression of lineage-specific transcription factors; nevertheless, the results are of significant value since they provide insight to the interplay between p73 and p63 in driving a keratinocyte-like transcriptional program.
Ankyloblepharon-ectodermal defects-cleft lip/palate (AEC) syndrome, a rare ectodermal dysplasia caused by heterozygous mutations in the C-terminus of TP63, is distinguished from other human TP63-associated disorders by the occurrence of severe skin erosions, especially those of the scalp [78, 79] . A recent study determined that this unique symptom is due to the increased propensity of AEC-mutant p63 protein to aggregate intracellularly [80] . Interestingly, the authors found that AEC-mutant p63 bound to and coaggregated with p73, likely inhibiting its transcriptional activity. The overlapping functions between ΔNp73 and ΔNp63 in our studies with the iKC model system provide a potential explanation for the severe skin phenotype observed in patients with AEC syndrome. Namely, the skin erosions are more severe in patients with AEC syndrome because they impaired function of both p63 and p73. Analogously, the lack of an overt phenotype in the skin of p73-/-mice during homeostasis might be due to the ability of p63, which is more highly expressed, to compensate for the loss of p73.
In summary, our study provides insight to the role of p73 in basal keratinocytes and the skin overall and highlights the importance of studying the functional interplay of p73 and p63.
Our results provide a mechanism for the wound healing phenotype observed in p73-/-mice and build on observations from previous studies linking ΔNp73 to stem cell activity in the basal cells of the trachea [3] , iPSCs [23, 24] , neural stem cells [72] , and cancer stem cells [81] . We propose a model in which ΔNp73 is required for effective function of adult skin stem cells after stress, through coordinate regulation with ΔNp63 of a progenitor cell transcriptional program.
Materials and methods
Animal model
We used previously described p73+/+ and p73-/-mice [3] in a BALB/c congenic background [21] for all experiments using murine tissue sections. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH). The protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of Vanderbilt University Medical Center. All surgery was performed under controlled-dose isoflurane anesthesia, and all efforts were made to minimize suffering. Mice were euthanized at the end of the study by isoflurane overdose followed by cervical dislocation.
Immunofluorescence and immunohistochemistry
Immunostaining of tissue sections was performed as previously described [3] . Murine skin tissues were fixed in 10% neutral buffered formalin (NBF) and embedded in paraffin for sectioning. De-identified human skin sections were obtained from pre-existing de-identified formalin-fixed paraffin-embedded tissue blocks. These blocks were prepared from excess tissue remaining after evaluation and diagnosis at the time of a surgical procedure. The Vanderbilt University Medical Center Institutional Review Board considers these tissues exempt since they were pre-existing and de-identified. IF was conducted using the following antibodies: p73 EP436Y (Abcam, ab40658, 1:1000), p63α D2K8X (Cell Signaling Technology, 13109, 1:1000), Keratin 5 (Fitzgerald Industries International, 20R-CP003, 1:200), Keratin 14 (Fitzgerald Industries International, 20R-CP002, 1:200), E-cadherin (BD Biosciences, 610181, 1:1000), Keratin 10 (Abcam, ab76318, 1:100), and Ki67 B56 (BD Biosciences, 550609, 1:1000). p73, p63, and Ki67 were detected using TSA Plus Fluorescence Amplification Kit (PerkinElmer). Keratins (5, 10, 14) and E-cadherin were detected using species-appropriate Alexa Fluor secondary antibodies at 1:200 (Thermo Fisher Scientific). IHC was conducted using γH2AX (Novus Biologicals, NB100-2280, 1:1000) antibody.
Cutaneous wounding assay
Mice (8-12 months old;~1:1 ratio of males and females) were anesthetized using a controlled dose of isoflurane and four full-thickness wounds were made in the back skin using a 0.5 cm biopsy punch following Vanderbilt IACUC-approved protocols. Mice were monitored daily after wounding. Samples were collected at 0 (immediately after wounding), 3, 7, and 10 days after wounding with a total of eight wounds from two mice collected per time point. During sample collection, wounds were measured with calipers [wound area = (length/2) x (width/2) x π] and the back skin was harvested, fixed overnight in 10% NBF, and paraffin-embedded for further analysis. Whole tissue sections were digitally acquired using an AxioScan Z1 slide scanner (Carl Zeiss Canada). Automated semiquantitative scoring of staining in wounded and unwounded skin was performed on whole slide images by a pathologist who had not been informed of the study hypothesis using QuPath software [33] . Wound and unwounded areas were manually annotated. At least two areas for each condition (with a minimum total area of 1.94 mm 2 ) were analyzed with the quantification algorithm to produce a semiquantitative score based on the percentage of stained nuclei (Ki67 IF) or the percentage of stained nuclei and staining intensity (p73 IF and γH2AX IHC). For the latter qualifications, H-scores were calculated using the following equation: H-score = 3 � (% of 3+ intensity cells) + 2 � (% of 2 + intensity cells) + 1 � (% of 1+ intensity cells) [82] . Each selected region was visually assessed to verify correct performance of the quantification algorithm.
Cell culture
CAL148 and MDA-MB-453 were grown in DMEM (Thermo Fisher Scientific, 11965-092) with 1 μg/mL EGF (Thermo Fisher Scientific, PHG0313) and 10% FBS (Gemini Bio Products, 100-106). HCC1806 (ATCC, CRL-2335) and HCC70 (ATCC, CRL-2315) cells were grown in RPMI + GlutaMAX (Thermo Fisher Scientific, 61870-036) with 10% FBS (Gemini Bio Products, 100-106). MCF10 (ATCC, CRL-10317) and HMEC cells were grown as previously described [83] . HaCaT (Cell Line Services, 300493), HaCaT C2 (single cell clone derived from parental HaCaT), HaCaT p63-/-(lack p63α expression as a result of CRISPR-Cas9 genomic editing of HaCaT C2 cells), 293FT (Thermo Fisher Scientific, R70007), and MDA-MB-231 (ATCC, HTB-26) cells were grown in DMEM (Thermo Fisher Scientific, 11965-092) with 10% FBS (Gemini Bio Products, 100-106). HDFn (ATCC, PCS-201-010) cells were grown in Medium 106 (Thermo Fisher Scientific, M-106-500) with 2% (v/v) Low Serum Growth Supplement (Thermo Fisher Scientific, S-003-10). All cell lines were grown in 100 U/mL Penicillin:Streptomycin (Gemini Bio Products, 400-109) and tested negative for mycoplasma (Lonza, LT07-418). HDFn cells were passaged using Trypsin-EDTA for Primary Cells (ATCC, PCS-999-003) and Trypsin Neutralizing Solution (ATCC, PCS-999-004). All other cells were passaged using 0.25% Trypsin-EDTA (Thermo Fisher Scientific, 25200-056).
Cloning lentiviral expression vectors
The coding sequence (CDS) of KLF4, ΔNp63α, ΔNp73α, and ΔNp73β was amplified by PCR (while adding a restriction site to each end of the DNA) and cloned into pCDH-CMV3xMCS-EF1-copGFP-T2A-puro by NheI (New England BioLabs, R3131S) and SalI (New England BioLabs, R3138S) restriction digest and T7 DNA ligation (New England BioLabs, M0318S). Each expression vector was Sanger sequenced to ensure the CDS matched GEN-CODE annotations [84] . Further detail on all vectors including the source of the template DNA for each CDS is provided in S10 Table.
Lentivirus production
Lentivirus was produced in 293FT cells through transfection of second-generation lentiviral vectors. Cells were plated in T-175 flasks and grown to 80-90% confluency.
For each lentivirus produced, the following vectors were diluted in 1.2 mL of Opti-MEM (Thermo Fisher Scientific, 31985-070): pMD2.G (1.68 pmol or 6.5 μg; Addgene, 12259), pxPAX2 (3.03 pmol or 21.4 μg; Addgene, 12260), and lentiviral transfer vector (3.83 pmol). Lipofectamine 2000 (140 μL; Thermo Fisher Scientific, 11668500) was diluted in 1.2 mL of Opti-MEM and incubated at room temperature for five minutes. Diluted DNA was added to the diluted Lipofectamine 2000 dropwise and incubated at room temperature for 30 minutes. Cells were switched to antibiotic-free media and the DNA-lipid complexes were added dropwise. The following morning, fresh media containing antibiotics was added. Virus was harvested 48 and 72 hours after transfection. Viral supernatant was centrifuged at 1000 rpm for 5 p73 regulates epidermal wound healing and induced keratinocyte programming min, passed through a 0.45 μm syringe filter (Sarstedt, 83.1826), and stored at -80˚C. Lentivirus was titered using the Lenti-X qRT-PCR Titration Kit (Takara Bio).
Lentiviral infections
Lentivirus was stored at -80˚C in aliquots prior to infection and was limited to one freeze-thaw cycle before use. Target cells were grown to 33-66% confluency in 6-well or 12-well plates before infection. For every infection condition, equally titered copy numbers of each virus were used in the presence of 6 μg/mL polybrene. Each plate was spun at 2,000 rpm for one hour at room temperature. The spinfection procedure was repeated 24 hours later and fresh media was added at 48 hours. Cells were grown for a total of 3-6 days after the initial infection before collection and the media was changed every other day.
Immunoblotting
Cell pellets were collected by trypsinization and lysed in RIPA buffer supplemented with protease inhibitors (Sigma-Aldrich, 11697498001). Murine tissues were homogenized in RIPA buffer supplemented with protease inhibitors (Sigma-Aldrich, 11697498001) using a Diagenode Bioruptor with protein extraction beads (Diagenode, C20000021). The protein concentration of cultured cell and tissue extracts was quantified using the DC Protein Assay (BioRad, 500-0116). Protein samples (30-50 μg for cells and 100-150 μg for tissues) were separated on 10% SDS-PAGE gels and transferred to polyvinylidene fluoride (PVDF) membranes (MilliporeSigma, IPVH00010). Membrane blocking and antibody incubations were conducted in 1X TBST with 5% w/v nonfat dry milk. Primary antibody incubations were performed overnight at 4˚C with KLF4 (R&D Systems, AF3460, 1:2000), p63α H-129 (Santa Cruz Biotechnology, sc-8344, 1:500), p73 EP436Y (Abcam, ab40658, 1:1000), and GAPDH (Merck Millipore, MAB374, 1:10000). Secondary antibody incubations were performed the next day for 1 hour at room temperature using species-appropriate HRP-conjugated secondary antibodies (Thermo Fisher Scientific, 1:5000). Membranes were incubated in ECL substrate (Thermo Fisher Scientific, 32106) for 1-2 minutes and chemiluminescent signal was captured with X-ray film or Amersham Imager 600 (GE Healthcare Life Sciences, 29083461).
RNA isolation
Total RNA was harvested from HDFn and MDA-MB-231 cell pellets that had been generated by cell trypsinization and frozen at -20˚C. RNA for qRT-PCR analysis was isolated using the Aurum Total RNA Mini Kit (Bio-Rad, 732-6820). Samples were treated with DNase I for 30 minutes at room temperature. RNA for RNA-seq analysis was isolated using the RNAqueousMicro Total RNA Isolation Kit (Thermo Fisher Scientific, AM1931). Samples were treated with DNase I for 20 minutes at room temperature. All RNA samples were quantified and assessed for quality using a NanoDrop One Spectrophotometer (Thermo Fisher Scientific, ND-ONE-W). Samples for RNA-seq were also analyzed using the Qubit RNA assay and BioAnalyzer 2100 or TapeStation system (Agilent).
Quantitative reverse transcription PCR (qRT-PCR)
cDNA was generated from 750 ng of total RNA using MultiScribe Reverse Transcriptase (Thermo Fisher Scientific, 4311235) and oligo(dT) primer (Thermo Fisher Scientific, N8080128). Quantitative PCR was performed using the CXF96 Touch Real-Time PCR Detection System (BioRad, 1855195) with iQ SYBR Green Supermix (BioRad, 1708880). An annealing temperature of 60˚C was used for each primer set. Samples were run in triplicate and p73 regulates epidermal wound healing and induced keratinocyte programming normalized to GAPDH. The ΔΔCt method was used to calculate relative gene expression between samples [85] . Primer sequences for KRT14, KRT5, FLG, SFN, and GAPDH are listed in S10 Table. HDFn iKC RNA-seq RNA-seq of HDFn iKC samples was performed at the Vanderbilt Technologies for Advanced Genomics (VANTAGE) core. Stranded RNA-seq libraries were prepared from total RNA using poly-A enrichment and the TruSeq RNA Library Preparation Kit (Illumina). Libraries were sequenced on an Illumina NovaSeq 6000 or NextSeq 500 using a paired-end 150 bp protocol. RNA-seq reads were trimmed to remove adapter sequences with Flexbar v3.4.0 [86] and aligned to hg19 (GRCh37 Primary Assembly) with STAR v2.6.1a [87] using default parameters and GENCODE v28lift37 annotations [84] . The number of reads mapped to GENCODE each gene was quantified with featureCounts v1.6.2 [88] and used with DESeq2 v1.14.1 [89] to perform differential expression analysis between samples. Overrepresentation enrichment analysis was conducted on differentially expressed genes (DESeq2 FDR < 0.1) using WebGestaltR v0.1.1 [55] . Transcript abundance (in TPM) was estimated using Kallisto v0.44.0 [90] .
HPA RNA-seq data analysis
RNA-seq transcript abundance data for 172 human samples across 37 tissue sites was downloaded from the Human Protein Atlas (HPA) on 8-3-2018 (v18) [30] . Transcript abundance had been estimated with Kallisto v0.42.4 [90] and gene-level abundance calculated as the sum of the TPM values for all protein-coding transcripts of a gene.
Tabula Muris scRNA-seq data analysis
scRNA-seq count data from 2310 murine back skin cells was downloaded from the Tabula Muris Consortium [40] on 5-29-2018. RNA-seq libraries were prepared from individual FACS-sorted cells (Itga6+ and/or Cd34+) using the Smart-Seq2 protocol and sequenced on the Illumina NovaSeq 6000 (100 bp paired-end protocol). Sequencing reads had been aligned to the mm10plus genome using STAR v2.5.2b [87] and gene counts calculated with HTSEQ v0.6.1p1 [91] . scRNA-seq count data was analyzed with Seurat v2.3.4 [41] . Cells with less than 900 unique genes detected, less than 75000 total gene counts, or more than 12% ERCC RNA Control reads were excluded from the analysis. Expression data was log normalized and scaled to a mean of zero and variance of one for each gene. Cell-cell variation due to the total number of gene counts and percentage of ERCC reads was regressed out. PCA was performed with the top 2000 highly variable genes and the number of significant PCs for clustering analysis was determined using the JackStraw procedure and elbow plot analysis. Seurat identified a total of seven clusters using the first 33 principal components and a resolution of 0.4. Two-dimensional visualization of scRNA-seq data was performed with UMAP [42] using the first 33 principal components. UMAP parameters used included: n_neighbors = 15 and min_dist = 0.2. The expression of skin cell type markers (e.g. Cd34, Ly6a, Fgf18, Krt14, Mki67, Krt10) was analyzed for each cluster and used to assign cluster annotations. Cells were classified as expressing Trp63 or Trp73 if they had a log-normalized expression greater than or equal to 0.5.
Hair follicle scRNA-seq data analysis
scRNA-seq gene expression data from 1119 murine hair follicle cells [44] were downloaded from the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus database (GSE90848). Sequencing reads had been aligned to the mm10 using Bowtie2 v2.2.9 p73 regulates epidermal wound healing and induced keratinocyte programming [92] and gene-level expression (TPM) quantified with RSEM [93] . Cells were classified as expressing Trp63 or Trp73 if they had expression greater than or equal to 1 TPM.
Murine stem cell RNA-seq data analysis
RNA-seq data on murine bulge HF (GSM2656733 and GSM2656734) and epidermal (GSM2656735 and GSM2656736) stem cells isolated by FACS with marker-based sorting [45] were downloaded from the NCBI Sequence Read Archive (SRA) on 11-2-2018 (SRP093638). FASTQ files were processed as described in the HDFn iKC RNA-seq methods section except mm10 genome and GENCODE vM17 annotations [84] were used.
Human keratinocyte RNA-seq data analysis
RNA-seq data on primary human keratinocytes grown and differentiated in vitro [46, 47] were downloaded from the NCBI SRA on 10-24-2018 (SRP044925 and SRP070902). FASTQ files were processed as described in the HDFn iKC RNA-seq methods section. Differentiated samples used in the analysis were limited to those collected 6 or 7 days after the induction of differentiation.
GTEx skin RNA-seq data analysis
RNA-seq data for 473 human lower leg skin samples were downloaded from the GTEx Portal on 1-9-2018 (V7 Release) [48, 49] . Sequencing reads were aligned to hg19 with STAR v2.4.2a [87] using GENCODE v19 [94] annotations. Gene-level expression (units = TPM) had been quantified using RNA-SeQC v1.1.8 [95] and junction read counts using STAR v2.4.2a [87] . For each sample, counts of the reads spanning each TP73 exon-exon junction were calculated and used to determine isoform expression. The percentage of N-terminal isoform expression was determined by the relative amounts of E3-E4 (TA) versus E3'-E4 (ΔN) junction counts. Cterminal TP73 isoform expression was calculated in a similar manner. The percentage of p73α + β (E10-E11), p73γ + ε (E10-E12), p73z (E10-E13), and p73δ (E10-E14) was calculated by analyzing exon-exon junction counts starting at E10. The relative expression of p73α versus β was determined by comparing E12-E13 (α) and E12-E14 (β) junction counts.
ChIP-seq
For each p63 ChIP, 25-50 million cells were crosslinked with formaldehyde (1-1.5%) for ten minutes at room temperature, collected by scraping, and sonicated to yield~300 bp DNA fragments using a Diagenode Bioruptor. ChIP was performed with HaCaT and HCC1806 using 10 μg of p63α H-129 (Santa Cruz Biotechnology, sc-8344) antibody or with HaCaT C2 using 10 μg of p63 (AF1916, R&D Systems) antibody. Input control samples were collected from sonicated samples prior to performing ChIP. ChIP-seq libraries were prepared as described previously [3] . Illumina sequencing of ChIP-seq libraries was performed at the Vanderbilt VANTAGE core using a single-end 50 or 75 bp protocol. ChIP-seq reads were trimmed to remove adapter sequences using Flexbar v3.4.0 [86] and aligned to hg19 (GRCh37 Primary Assembly) using BWA v0.7.17-r1188 [96] with default parameters (BWA-backtrack for 50 bp reads and BWA-MEM for 75 bp reads). Duplicate reads were identified using the Picard v2.17.11 tool "MarkDuplicates". Samtools v1.9 [97] was used to filter out duplicate, multimapping, improperly paired, and mitochondrial reads. Peak calling was performed with MACS2 [97, 98] using input samples as a control and a FDR q-value threshold of 0.01. Motif enrichment analysis was performed with MEME-ChIP [99] on the genomic sequences at detected p63 peaks (length = 500 bp) as a QC step to ensure that the canonical p63/p73 DNA binding motif was identified and the ChIP was successful. Analysis of p73 and p63α genomic binding profiles in HCC1806 cells was conducted using deepTools [100] . p63/p73 binding sites within 50 kb of the TSS of the set of 44 genes involved in iKC reprogramming were determined by manually reviewing the MACS2-identified peaks in the Integrative Genomics Viewer (IGV) [101] . Genes were marked as containing a p63/p73 binding site (in Fig 4F) if an overlapping p63/p73 ChIP-seq peak was detected within 50 kb of the TSS in two out of three basal cell models analyzed (HK [46] , HaCaT, and HCC1806 [21] ) and the overlapping peak contained a canonical p63/p73 DNA binding motif.
Statistical analysis
All statistical analyses and graphical representations were conducted using R (version 3.5.2 or 3.5.3) unless otherwise noted. The Spearman correlation between TP63 and TP73 expression across human tissues (HPA RNA-seq dataset) and its statistical significance was calculated using the "cor.test" function in R. Wound closure and qRT-PCR expression data are presented as the mean +/-SEM. The two-way ANOVA test was used to compute the mean difference in percentage wound closure between p73+/+ and p73-/-mice over days 0, 3, 7, and 10 (calculated with the R "aov" function using the genotype and days after wounding as factors). Student's t-test was used to calculate statistical significance for wound closure on individual days, IF scores, IHC scores, and qRT-PCR expression (calculated with the R "t.test" function using the following parameters: two-sided, unpaired). Differences were considered significant when P < 0.05 and asterisks indicate: � = P < 0.05, �� = P < 0.01, and ��� = P < 0.001. 
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